Weak magnetic transitions in pyrochlore Bi2lr207 
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Muon spin rela:xation measurements on Bi2lr207 show that it undergoes a bulk magnetic tran- 
sition at 1.84(3) K. This is accompanied by increases in the muon spin relaxation rate and the 
amplitude of the non-relaxing part of the signal. The magnetic field experienced by muons is esti- 
mated to be 0.7 mT at low-temperature, around two orders of magnitude smaller than that in other 
pyrochlore iridates. These results suggest that the low-temperature state represents ordering of ex- 
ceptionally small magnetic moments with persistent weak dynamics. The relaxation rate increases 
further below 0.23(4) K, coincident with a growth in the specific heat, suggesting the existence of a 
second low-temperature magnetic transition. 

PACS numbers: 76.75.-(-i, 75.50.Ee, 75.47.Lx 



Pyrochlore iridates are of interest in the field of frus- 
trated magnetism because they offer a rare example 
where 5d S — 1/2 magnetic moments decorate the py- 
rochlore lattice of corner-sharing tetrahedra and are sub- 
ject to competing spin-orbit interaction, electron-electron 
repulsion, and crystal field energy scales^ Those py- 
rochlore iridates containing rare earths are described the- 
oretically by focussing on the Ir subsystem^"— the inter- 
actions between the 4/ magnetic moments^'^'S and the 
d — / exchange Previous work has led to predictions of 
interesting phases including a variety of topological in- 
sulatorsj^i^"— a topological semimetal with Fermi arcs^ 
and exotic quantum spin liquids,— neighboring more con- 
ventional metallic and magnetic phases. 

The series of rare-earth pyrochlore iridates ^2lr207 
(A = Y and Pr-Lu) offers the possibility of tuning the 
energy scales in order to access these theoretically pre- 
dicted phases. Early experimental work found that with 
increasing ionic radius of A the series goes from magnetic 
insulatorsii to unconventional metallic systems without 
magnetic ordering ji^ii^ In those systems where the irid- 
ium magnetic moments do order this is often, ^"^'^^ though 
perhaps not exclusively)^ concomitant with a metal- 
insulator transition. 

To separate the interesting properties due to the rare- 
earth and iridium ions, it is desirable to find compounds 
without a rare-earth magnetic moment or /-electrons, 
and a different ion size to yttrium. Bi2lr207 offers this 
opportunity. Having originally been noted for its metal- 
lic conductivity and small Seebeck coefficient^^ there was 
a long hiatus in magnetic measurements on Bi2lr207. 
The recent study of Qi et al}^ showed that the system 
remains metallic down to 2 K and that there were no 
anomalies in the magnetic susceptibility down to 1.8 K, 
or specific heat down to 50 mK, indicating any mag- 
netic ordering. The specific heat exhibits an upturn be- 



low ^ 250 mK but since this continues down to 50 mK 
it was not possible to determine whether this is associ- 
ated with a magnetic transition or another phenomenon. 
The magnetic field dependence of the specific heat is also 
exceptional, with a strong field dependence of both the 
linear (7) and cubic (/?) contributions to the low tem- 
perature values.^- While it is not uncommon for 7 to 
depend on magnetic field, /3 is normally associated with 
the lattice contribution to the specific heat and this would 
not suggest any dependence on magnetic field. The re- 
sistivity shows a complicated temperature dependence 
and the Hall coefficient in a field of 7 T changes from 
~ 2 X 10"^ VLcm-^ above 100 K to -1.6 x lO"'^ Ocm"! 
below 30 K The results give an exceptionally large Wil- 
son ratio i?w = ''■^^bX/3/^b7 — 53.5, suggesting proxim- 
ity to a magnetic instability or quantum critical point.— 

Here we report a muon spin relaxation (/iSR) study of 
Bi2lr207 extending down to 50 mK. In zero applied mag- 
netic field we observe two transitions in the muon spin 
relaxation rate. Our measurements in applied field exam- 
ine how the static and dynamic magnetic fields contribute 
to the muon spin relaxation in the different temperature 
regimes. Finally, we discuss how our results on Bi2lr207 
relate to those on other pyrochlore iridates and constrain 
the possible ground states for this material. 

Polycrystalline samples of Bi2lr2 07 were synthesized 
from stoichiometric quantities of Ir02 and Bi203 us- 
ing a solid state reaction technique in an oxygen rich 
atmosphere In our /zSR experiments, carried out us- 
ing the MuSR spectrometer at the ISIS Facility, UK, 
spin-polarized positive muons (r^ — 2.2 /is, 7^ = 27r x 
135.5 MHzT~^) were implanted into the polycrystalline 
sample, which was mounted in a 2 cm^ silver foil packet 
placed on a silver backing plate. The spin polarization of 
the implanted muons is measured by recording the asym- 
metry, A(t\ between the positron count rates in detec- 
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FIG. 1: (Color online) Zero field fiSK data. Solid lines show 
fits to the data described in the text and dashed lines denote 
the initial [j4(0)] and background (^bg) asymmetry values. 



tors placed on opposite sides of the sample, using the 
fact that positrons are most likely to be emitted in the 
direction of the muon's spin polarization when it decays. 
Muons stop within the sample at interstitial sites or near 
electronegative atoms and if they experience magnetic 
fields perpendicular to their spin direction they will pre- 
cess. If the magnetic fields are coherent between muon 
stopping sites then oscillations in the decay asymmetry 
may be observed. Magnetic fields parallel to the muon 
spin do not give rise to oscillations and depolarization 
only occurs if the fields are fluctuating. For polycrys- 
talline samples with bulk long-range magnetic order this 
gives rise to a 2 : 1 ratio between oscillating and non- 
oscillating components of the decay asymmetry. The 
spins of muons stopping in the silver around the sample 
are depolarized much more slowly than those implanted 
in the sample and contribute a constant background to 
the asymmetry data. Measurements were carried out in 
zero applied magnetic field to look for spontaneous fields 
within the sample and in magnetic fields parallel and per- 
pendicular to the initial muon spin direction to probe the 
distribution of magnetic fields within the sample. 

Raw muon decay asymmetry data measured in zero 
applied field are shown in Fig. [1] Data analysis was car- 
ried out using the WiMDA program/^ At all measured 
temperatures from 50 mK to 10 K the muon relaxation 
took an exponential form: 



Ait) = + ^[(1 - /) exp(-At) + /]. 



(1) 



The values of the constant background A\^g — 12.2 % 
and sample As = 9.8 % terms were fixed using the data 
recorded above 2.5 K with f — 0. No oscillations were 
evident in the zero field data. 

The parameters A and / obtained from fitting equa- 
tion [T] to the zero field data are shown in Fig. [21 Above 
2 K both parameters take constant values. We find two 
temperatures at which A increases steeply with decreas- 
ing temperature. The guide to the eye shown in Fig.l^Ja) 
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FIG. 2: (Color online) Parameters derived from fitting equa- 
tion [T] to the zero field ^SR data shown in Fig. [T] (a) Relax- 
ation rate A. The solid line is a guide to the eye. (b) Frac- 
tional amplitude of the non-relaxing asymmetry, /. Dashed 
lines show transition temperatures and limiting values of /. 



is the sum of two terms of the form A,(l - (T/T,)^-^)"-^ , 
each of which is taken to be zero above the respective 
Ti, and a residual relaxation, Ar. This allows us to es- 
timate by least-squares fitting the transition tempera- 
tures Ti = 1.84(3) and T2 = 0.23(4) K, which are not 
particularly sensitive to the choice of the exponents in 
the power law. The corresponding relaxation rates are 
Ai = 0.15(1), A2 = 0.06(1), and Ar = 0.081(4) MHz. 

The non-relaxing fraction, /, of the signal from the 
sample changes over the region 1.5 to 2.25 K and is 
shown in Fig. 2(b). Below 1.5 K, / = 1/3 within ex- 
perimental error. This suggests that spontaneous, static 
magnetic fields develop throughout the volume of the 
sample below the transition at 1.84 K. It is unusual to 
observe a simple exponential relaxation in a static mag- 
netic state, where one would expect either oscillations 
due to well-defined fields at muon stopping sites or a 
Kubo-Toyabe function due to a broad distribution of 
magnetic fields at the stopping sites. ^'^ In a spin glass a 
stretched exponential relaxation of the form exp(— (Ai)^) 
with 1/3 < f3 < 1/2 is common, but is not observed here. 
The relaxation rate A would also be expected to diverge 
at a glass transition and we do not observe any such di- 
vergence in our data. These observations suggest that 
the low-temperature state is not a spin glass. Instead, 
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FIG. 3: (Color online) Parameters derived from fitting the 
muon data in a magnetic field B applied parallel to the spins 
of the implanted muons. (a) Relaxation rate A. The solid 
and dashed lines represent fits to eq. [5] with and without a 
field-independent offset value Aq. (b) Non-relaxing fraction, 
/. The solid and dashed lines represent fits to equations |3] 
and U respectively. The dotted line is discussed in the text. 
Each fitting methodology is described in the text. 



the simple exponential relaxation appears to be due to 
the fluctuation rate being on the lower limit of motional 
narrowing of the relaxation due to the quasistatic distri- 
bution of fields experienced by the muon (see below) . 

To attempt to elucidate the muon relaxation mecha- 
nism and underlying magnetic state in Bi2lr2 07 we car- 
ried out measurements with a magnetic field applied par- 
allel to the initial muon spin direction, the longitudinal 
field (LF) geometry. These were performed at 0.1, 1, and 
1.22 K. Increasing the applied field gradually decouples 
the muon relaxation from the field distribution it experi- 
ences from its surroundings, providing information on the 
form of that field distribution. If the relaxing amplitude 
of the signal [(1 — /) in eq. [1] is field independent this 
suggests that dynamic local magnetic fields depolarize 
the muon spin, whereas a static field distribution results 
in a growth of the constant part of the signal (/ in eq. [1]) 
as the applied field exceeds the characteristic static field. 
The relaxation rate A can also show informative trends 
with the applied field B. 

We used two approaches to analyse the LF-/iSR data. 
The first of these fixed the amplitudes of the relaxing and 



constant components of eq. [T] to their zero field values, 
leaving A as the only free parameter. The field depen- 
dence of A at the three measured temperatures is shown 
in Fig. ^a.). The relaxation rate decreases with applied 
field as is conventionally expected and we fitted the field 
dependence using a modified version of Redfield's equa- 
tion, as used in Ref. [2ll : 



A 



+ Ao. 



(2) 



The constant 7^ is the muon gyromagnetic ratio, A de- 
scribes the width of the field distribution, and r is the 
characteristic timescale for the spin fluctuations experi- 
enced by the muons. We found that the quality of our 
fit to the field dependence was improved considerably 
by adding the field independent offset Aq ^ 0.01 MHz, as 
was found for YbalraOy [Aq = 0.05(2) MHz],^! and as can 
be seen in Fig. Efa). However, Aq does not make a large 
difference to the extracted values of A = 0.35(2) mT and 
T = 1.1(1) /iS for 0.1 and 1 K, with A decreasing and 
T increasing slightly at 1.22 K. To get an exponential 
muon spin relaxation due to motional narrowing requires 
(7^Ar)~-^ > 3. The value obtained from the fitted pa- 
rameters is 3.05, demonstrating internal consistency. 

The second approach was to allow f{B) to vary (with 
A as a free parameter) and the values of f{B) are shown 
in Fig. ^h). We took two different models for the field 
dependence of / to compare with the data: a single char- 
acteristic field Bcr^ 



f(B) = fo + F{-- 



(--- 
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where 6 = B/Bc, and a quadratic- type decoupling func- 
tion appropriate for a Lorentzian distribution of fieldsj^^ 



f{B) = /o + F. 



1 + 62' 



(4) 



We note that the quadratic-type decoupling appears to 
describe the data better and this suggests that there is a 
distribution of fields around the characteristic field. To 
further model this decoupling we fitted a weighted sum of 
two terms of the form of eq. [3]with different characteristic 
fields. This is shown as the dotted line in Fig. EJb) for 
0.1 K, with characteristic fields of 0.37(3) and 1.4(2) mT, 
and a fractional amplitude of 0.31(4) associated with the 
higher field. The values of Be coming from these three 
fits are again very similar, with Be = 0.68(9) mT from 
eq. [3l 0.73(3) niT from eq. |4j and a weighted average of 
0.685 mT from the two field model. 

These two approaches represent slightly different pic- 
tures of the underlying physics of Bi2lr207. The Redfield 
equation describes slow dynamics of relatively weak mo- 
ments whereas the decoupling models describe the qua- 
sistatic properties. The values of A and r suggest that 
this system appears to the muon to be on the border be- 
tween static and dynamic behavior, with Be only slightly 
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larger than A. Slow and persistent dynamics have been 
noted in /iSR measurements of both frustrated iridates 
such as Pr2lr207^ and Eu2lr207fi^ and unfrustrated 
ones such as BalrOa^- and Sr2lr04.^'' In Yb2lr207^ the 
disparity between the obtained values of A = 2 mT and 
Be = 113 mT is far greater, consistent with the better 
developed magnetic order in the Yb compound. 

Transverse field measurements {B = 2 mT) were per- 
formed to search for more strongly magnetic regions 
within the sample, but no discernable temperature de- 
pendence was evident in the asymmetry of the oscilla- 
tions and the relaxation rate was compatible with the 
zero field measurements. We therefore have no evidence 
for strongly magnetic regions within the sample. 

Given the small magnetic field experienced by the im- 
planted muons. Be = 0.7 mT, Bi2lr207 seems to be quite 
exceptional compared to Pr (9 mT),^'^ Nd (67 mT)fi& 
Y (95 niT)^ Eu (99 mT),i5 and Yb (113 mT).Si The 
iridium moment size in Eu2lr2 07 was estimated from 
muon measurements^^ to be fiir ~ 1.1 /is whereas in 
Nd2lr207 the absence of magnetic Bragg peaks placed 
an upper bound on the moment size of < 0.5 /j.b'^ 
Taking the magnetic field experienced by the muon to 
scale with the moment size suggests for Bi2lr207 that 
0.005 < fJ.li/fJ.B < 0.01, which is quite close to the satu- 
ration magnetization at 1.7 K of 0.013 /ie/Ir.^® The low 
transition temperatures of Bi2lr2 07 are also exceptional 
in this series, with most members showing magnetic tran- 
sitions at temperatures above 100 K, except Nd2lr2 07 
(Tn = 8 K)^ and Pr2lr207 where long-range magnetic 
ordering does not develop above 30 mKJ^ 

Since the lattice constant of Bi2lr2 07 is between those 
of Eu2lr207 and Nd2lr207 we might anticipate its prop- 
erties would be similarly intermediate, but this is not the 
case. The reduced magnetic moment of the iridium ions 
and reduced ordering temperature for Bi2lr207 must be 
due to something other than structural considerations, 
perhaps due to a lack of hyperfine enhancement from 
rare earth momenta^ or a greater degree of itinerancy 
or greater proximity to a quantum critical point. We 
also note that only a small proportion of the magnetic 



moment determined from the Curie- Weiss fits, 0.1 /xer^ 
appears to be associated with the quasistatic magnetism, 
either from the saturation magnetization measured in the 
bulk or the /iSR results shown here. This points to re- 
markably strong spin fluctuations persisting in the low- 
temperature state. 

Finding two transitions in Bi2lr207 at low temperature 
draws another parallel with the behavior seen in other 
pyrochlore iridates such as Nd2lr207>i^ and Y2lr207)2i 
which was suggested to result from frustration preventing 
magnetic ordering above the temperature at which it is 
relieved by a metal-insulator transition, as opposed to the 
sharp onset of long-range order in insulating pyrochlore 
iridates Resistivity measurements below 1.7 K have 
not been carried out so we cannot complete this compari- 
son, although the similarity of the field-dependent results 
at 0.1 and 1 K suggests that the magnetic states on either 
side of the transition at 0.23 K are similar and therefore 
a significant change in the electronic properties at that 
temperature is unlikely. 

In conclusion, we have established that Bi2lr207 
undergoes two magnetic transitions at 1.84(3) and 
0.23(4) K. The associated change in the /iSR baseline 
asymmetry suggests that the upper transition repre- 
sents the material entering a quasistatic magnetic state 
throughout its entire volume. The lower transition 
can be associated with a dramatic growth in the low- 
temperature specific heat below this temperature^^ but 
its physical origin remains unclear. From the mag- 
netic field dependence of the /iSR data we estimate the 
fields experienced by muons in Bi2lr207 to be two or- 
ders of magnitude smaller than in comparable iridate py- 
rochlores and this suggests a moment size, ^ 0.01 /^e/Ir, 
compatible with the saturation magnetization previously 
determinedi^ This is reduced by an order of magnitude 
from the paramagnetic moment, showing that fluctua- 
tions persist in the low-temperature states. 
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